S282T in NS5B is the primary amino acid substitution associated with resistance to sofosbuvir (SOF) but has rarely been detected in patients treated with a SOF-based regimen. Here, the emergence and fitness of the S282T substitution in virologic failure patients administered SOF-based regimens across the SOF and ledipasvir (LDV)/SOF phase 2 and 3 programs was evaluated. Plasma samples collected at baseline and at virologic failure were amplified and deep sequenced (1% cutoff). To date, over 12,000 patients have been treated in SOF or LDV/SOF phase 2 and 3 studies. Of these, deep sequencing was available at baseline in 8598 patients (62.4% genotype [GT] 1, 10.7% GT2, 20.9% GT3, and 6.0% GT4-6) and at virologic failure in 901 patients. In the 8598 patients, no S282T substitution was detected at baseline; at virologic failure, 10 of the 901 (1%) patients had S282T detected. The SOF-based regimen associated with treatmentemergent S282T was SOF monotherapy in two patients, retreatment with LDV/SOF in prior LDV/SOF failures in three patients, LDV/SOF for 8 weeks in 1 GT1 patient, LDV/SOF for 12 weeks in 1 patient each with GT3, GT4, and GT5, and LDV/SOF 1 ribavirin for 12 weeks in 1 GT6 patient. Nine of 10 patients with emergent S282T received an SOFbased retreatment regimen, eight of whom achieved sustained virologic response 12 weeks after treatment and one of whom failed retreatment. Conclusion: The emergence of S282T substitution was rare in patients who fail SOF-based regimens. Successful retreatment of prior SOF failure patients is possible in the presence of S282T substitution with SOF in combination with various direct-acting antiviral agents. (Hepatology Communications 2017;1:538-549) C hronic hepatitis C virus (HCV) infection is a major global health burden, with approximately 170 million individuals infected worldwide.
C hronic hepatitis C virus (HCV) infection is a major global health burden, with approximately 170 million individuals infected worldwide. (1) In the last several years, there has been expansion in the development of direct-acting antiviral agents (DAAs) for treatment of chronic HCV infection. By combining two or more DAAs, high rates of sustained virologic response (SVR) have been achieved.
The pangenotypic NS5B HCV inhibitor sofosbuvir (SOF) has demonstrated high efficacy in patients infected with HCV in combination with ledipasvir (LDV) for genotype (GT) 1, 2, 4, 5, and 6 (2) (3) (4) (5) (6) (7) and in combination with ribavirin (RBV) with or without pegylated interferon for GT3 HCV. (8, 9) SOF exhibits a high barrier to resistance in vivo. After in vitro selection, S282T in NS5B was the only substitution selected in all tested GTs, conferring 2.4-to 18.1-fold reduced susceptibility to SOF, while also reducing the viral replication capacity by 89% to 99% when compared with wild type. (10) (11) (12) Even though S282T was selected in vitro, (10) this substitution is very rare in SOF clinical trials. Out of almost 2000 patients receiving SOF-containing regimen in the SOF phase 2 and 3 registration studies, only a single patient developed S282T at virologic failure. (13) Similarly, in LDV/SOF combination phase 2 and 3 registration studies, only one of almost 4000 patients developed S282T at virologic failure. (14) This low rate of S282T development observed for patients treated with SOF is not consistent across the class of nucleoside inhibitors (NIs). S282T has been detected more frequently at virologic failure in patients treated with VX-135 or mericitabine. (15, 16) Recently, two other NS5B substitutions have been associated with SOF treatment. Treatment-emergent L159F and V321A have been observed at time of virologic failure in a few patients in SOF phase 2 and 3 clinical trials. (11) The 50% effective concentration (EC 50 ) fold reduction of these substitutions to SOF was 1.2-to 1.3-fold for L159F in GT1a, GT1b, and GT3a and 1.3-fold for V321A in GT3a. (11, 12) In an analysis of SOF and LDV/SOF studies, the presence of baseline L159F was shown to be associated with virologic failure in a subset of GT1b patients with advanced liver disease treated for a shorter duration with SOF plus RBV before liver transplantation but not for patients receiving LDV/SOF. (17) Moreover, the substitution L320F, which is associated with low-level resistance to mericitabine, (18) has been observed in a few patients experiencing virologic failure in SOF studies, but in no patients in LDV/SOF studies. In vitro analyses of L320F and the combination of L320F with L159F showed a low EC 50 fold reduction in SOF susceptibility (1.7-to 2.2-fold for L320F and L320F1L159F, respectively). (17) A concern of clinicians considering retreatment of patients who have not achieved SVR after earlier treatment with DAAs is the possible presence of resistant associated substitutions (RASs). Even the failure to detect RASs after treatment failure does not rule out the possibility that RASs may have emerged at the time of treatment failure before being replaced by wild type because of their relatively poor replication fitness. Two recent studies have demonstrated that previous virologic failure with SOF-based treatment does not prevent successful retreatment with another SOF-based regimen. (19, 20) In both studies, all patients with HCV GT1 infection who had relapsed after SOF1RBV with or without pegylated interferon achieved SVR following 12 weeks LDV/SOF with or without RBV.
Here, a comprehensive analysis was performed to evaluate the prevalence of S282T across SOF and LDV/SOF phase 2 and phase 3 programs, including 12,012 patients treated with an SOF-based regimen. We evaluated the emergence and fitness of the S282T substitution in patients who were administered SOFbased regimens and experienced virologic failure. Moreover, in patients with emergent S282T, we investigated evolution at position 282 after treatment.
Materials and Methods

PATIENT SAMPLES
All studies were conducted in accordance with the Declaration of Helsinki, Good Clinical Practice guidelines, and local regulatory requirements. All patients provided written informed consent.
LABORATORY ASSESSMENTS
HCV RNA was determined at a central laboratory using the Roche High-Pure-System, COBAS 
SEQUENCING ANALYSIS
For all patients, the HCV NS5B coding regions were amplified by DDL Diagnostic Laboratory (Rijswijk, Netherlands) using standard reverse transcription polymerase chain reaction (PCR) in available plasma/ serum samples wherein the HCV RNA was >1000 IU/mL. For patients receiving NS5A inhibitor, the NS5A region was also amplified as described above. Deep sequencing using the MiSeq platform (Illumina, Inc., San Diego, CA) was performed with DDL or WuXi AppTec (Shanghai, China). Amino acid substitutions in the generated sequences from each time point were compared with the respective baseline sequence for each subject in the parent study. The baseline prevalence rate of NS5B S282T was evaluated in 8598 patients from 24 countries in SOF and LDV/SOF clinical trials. The prevalence rates of treatment-emergent NS5B S282T, L159F, and V321A were assessed at the time of virologic failure. For patients receiving NS5A inhibitors, NS5A RASs at positions 24, 28, 30, 31, 32, 58 , and 93 that conferred >2.5-fold reduced susceptibility to LDV in vitro were included in the analysis; K24G/N/R, M28A/G/T, Q30E/G/H/L/K/R/T, L31I/F/M/V, P32L, S38F, H58D, A92K, and Y93C/F/H/N/S for patients with GT1a HCV infection and L31I/F/M/V, P32L, P58D, A92K, and Y93C/H/N/S for patients with GT1b infection. (21, 22) A genotype-specific reference was used for each HCV genotype (HCV1a_H77_ NC_004102, HCV1b_Con1_AJ238799, HCV2a_JF-H1_AB047639, HCV2b_MD2b10_AY232748, HCV3a_S52_GU814263, HCV4a_ED43_GU814265, HCV5a_SA13_AF064490, HCV6a_EUHK2_Y12083).
Standard population sequencing was performed on patient samples if deep sequencing was not successful. Population sequencing of the full-length HCV NS5A coding region was performed by DDL Diagnostic Laboratory or Monogram Biosciences (San Francisco, CA) using reverse transcription PCR and standard Sanger sequencing of the bulk PCR product. The sensitivity for detection of resistant variants is approximately 10%-20%.
SOF SUSCEPTIBILITY ANALYSES
RASs were introduced into the GT1a or GT1b replicon by site-directed mutagenesis and tested in transient transfections as described previously. (23) Briefly, NS5B mutations were introduced into a plasmid encoding the PI-hRluc replicon using a QuikChange II XL mutagenesis kit, following the manufacturer's instructions (Stratagene, La Jolla, CA). Mutations were confirmed by DNA sequencing. Replicon RNAs were transcribed in vitro from replicon-encoding plasmids using a MEGAscript kit (Ambion, Austin, TX). RNA was transfected into Huh-lunet cells using the method of Lohmann et al. (24) Briefly, cells were trypsinized and washed twice with phosphate-buffered saline. A suspension of 4 3 10 6 cells in 400 lL of phosphate-buffered saline was mixed with 5 lg of RNA and subjected to electroporation using settings of 960 lF and 270 V. Cells were transferred into 40 mL of prewarmed culture medium and then seeded into 96-well plates (100 lL/well). Compounds were 3-fold serially diluted in 100% dimethyl sulfoxide (DMSO) and added to cells at a 1:200 dilution, achieving a final DMSO concentration of 0.5% in a total volume of 200 lL/well. Cells were treated for 3 days, after which culture media were removed, cells were lysed, and Renilla luciferase activity was quantified using a commercially available assay (Promega, Madison, WI) and a Top Count instrument (Perkin Elmer, Waltham, MA). EC 50 values were calculated as the compound concentration at which a 50% reduction in the level of Renilla reporter activity was observed when compared with control samples with DMSO. Dose-response curves and EC 50 values were generated using GraphPad Prism software package (GraphPad Software, La Jolla, CA) by nonlinear regression analysis. The replication level of either reference strains (1b-Con1 or 1a-H77) or chimeric replicons derived transiently from clinical isolates was determined as the ratio of the Renilla luciferase signal at day 4 to that at 4 hours after electroporation to normalize for transfection efficiency. The replication capacity of each replicon was expressed as their normalized replication efficiency compared with that of the reference strain (1b-Con1 or 1a-H77) within the same experiment. SOF susceptibility and replication capacity were tested by subcloning of patient isolates.
Results
PREVALENCE OF BASELINE AND TREATMENT-EMERGENT S282T IN PATIENT TREATED WITH SOF
Baseline NS5B sequences were available by deep sequencing (1% cutoff) in all 8598 patients before SOF therapy, including 4766 patients from North America, 1767 patients from Europe, 1094 patients from Oceania, 954 patients from Asia, and 17 patients from Africa. Of these patients, 62.4% had GT1 infection, 10.7% had GT2 infection, 20.9% had GT3 infection, 4.0% had GT4 infection, 0.9% had GT5 infection, and 1.2% had GT6 infection.
In the SOF or LDV/SOF in clinical studies, 1025 patients experienced virologic failure, of whom 901 patients were successfully sequenced by deep sequencing. Of the remaining 124 patients, 77 were able to be sequenced using standard population sequencing, whereas no sequencing was possible in 47 (<5% of virologic failures). Thus, sequencing results were obtained from 978 patients. A total of 10 patients had S282T at the virologic failure time point, which is 1% (10/978) of virologic failures.
DEMOGRAPHICS OF PATIENTS WITH EMERGENT S282T
The mean age of the 10 patients with emergent S282T was 56 years. Nine patients were men, eight were white, and two were black. Of the nine patients who had IL28B genotyping available, eight had non-CC genotypes. Five had cirrhosis and five were na€ ıve to prior DAA treatment (Table 1) . Eight patients were treated with LDV/SOF6RBV, and the remaining two patients were treated with SOF monotherapy. The mean HCV RNA at time of treatment was 6.6 log 10 IU/mL. Four patients had HCV GT1a infection and one patient each had GT1b, GT2, GT3, GT4, GT5, and GT6 infection. In comparison, 64% of all patients treated in the SOF and LDV/SOF clinical studies had HCV GT1a infection.
HCV RNA DYNAMICS AND S282T FREQUENCY IN PATIENTS WITH EMERGENT S282T
The initial reported case of S282T was a 52-yearold white woman with HCV GT2b infection (patient 1). She received SOF monotherapy for 12 weeks in the phase 2 ELECTRON study and relapsed at week 4 posttreatment with S282T detected at a frequency of >99%. The frequency of S282T rapidly decreased to 27.6% at week 8 and <1% at week 12 posttreatment. This patient was retreated with SOF1RBV for 12 weeks and subsequently achieved SVR 12 weeks after treatment (SVR12) (Fig. 1A) .
The second case was a 56-year-old white man who was a post-liver transplantation recipient with decompensated cirrhosis with recurrent HCV GT1b infection (patient 2). In 2013, he received compassionate supply of SOF monotherapy for 8 weeks, but experienced virologic breakthrough during treatment with S282T detected at a frequency of >99%. After virologic failure, he was immediately retreated with SOF1 DCV1SIM1RBV for 16 weeks and subsequently achieved SVR12 (Fig. 1A) .
Four patients with GT1a infection developed treatment-emergent S282T after LDV/SOF. The first patient (patient 3) was a 60-year-old white man treated with LDV/SOF for 8 weeks and relapsed posttreatment with S282T. At baseline, S282T was not detected but emerged as the dominant population following virologic failure at 8 weeks posttreatment, with a frequency of 91% of the quasispecies. Two weeks later, S282T population had decreased to only 8% (Fig. 1B) . At baseline, the NS5A RAS L31M was detected at 25.5% of the viral quasispecies. This mutation confers high level resistance (EC 50 >500 fold shift) to LDV. At week 8 posttreatment, the frequency of L31M had increased to >99%. Additional treatment emergent RASs included Q30L (4.5%) and Y93H (96.7%). The frequencies of the 3 NS5A RASs remained stable at week 10 posttreatment (Table 2) . This patient was retreated with LDV/SOF1RBV for 24 weeks and achieved SVR12 (Fig. 1B) .
The three additional patients with GT1a infection (patients 4, 5, and 6) were treated with LDV/ SOF1RBV for 8 or 12 weeks and relapsed posttreatment without S282T. They were retreated with LDV/ SOF for a longer duration of 24 weeks (Fig. 1C) . Patients 4 and 6, a 64-year-old white man and a 65-year-old white man, respectively, relapsed at 4-5 weeks after retreatment with S282T detected at a frequency of 1.7% and 14.5%, respectively. Patient 5, a 54-yearold black woman, experienced virologic breakthrough after 16 weeks of retreatment with dual NS5B RASs S282T and L159F at a frequency of >99% and 97.7%, respectively. S282T and L159F remained at high frequencies at week 4 posttreatment (>99% and 97.2%, respectively; Table 2 , Fig. 1C ). After the initial course of LDV/SOF, all three patients developed NS5A RASs conferring high-level (EC 50 >1000-fold shift) LDV resistance; M28T (>99%) and Q30R (>99%) in patient 4, M28V (8.1%) and Q30K/R/T (87.8%) in patient 5, and Y93N (>99%) in patient 6. All three patients were retreated with a third course of an SOFbased regimen. Patients 5 and 6 received SOF/ VEL1VOX for 12 weeks, and both achieved SVR12. Patient 4 received LDV/SOF for 24 weeks and failed to achieve SVR12.
Four patients (7, 8, 9 , and 10) with non-GT1 infection (GT3a, GT4r, GT5a, or GT6l, respectively) relapsed after receiving LDV/SOF for 12 weeks with S282T (Fig. 1D) . The frequency of NS5A RASs is high in untreated patients with non-GT1 genotypes, which is consistent with the observed reduced antiviral activity of LDV against genotypes 2, 3, and 6.
Patient 7, a 45-year-old white man with GT3a infection, had no NS5A RASs detected at baseline or posttreatment. S282T was detected at a frequency of 89.7% at week 2 posttreatment, which declined to 37.6% at week 4 posttreatment and to undetectable levels at week 8 posttreatment. This patient was retreated with LDV/SOF1RBV for 24 weeks and achieved SVR12. Patient 8 was a 50-year-old black man with GT4r infection and both NS5A L30R and L31M detected at baseline with frequencies >99%, which remained stable through week 4 posttreatment. S282T was observed at a frequency of >99% at week 4 posttreatment, which declined to 69.1% at week 5 posttreatment. In addition, this patient developed treatment-emergent NS5A Y93C (frequency of 7.8%) at virologic failure. This patient was retreated with SOF1SIM1RBV for 24 weeks and subsequently achieved SVR12. Patient 9, a 72-year-old white man with GT5a infection, had NS5A L31M detected at baseline at frequency >99%, which was maintained at week 4 posttreatment, without any treatmentemergent NS5A RASs. S282T was observed at a frequency of 1.6% at week 4 posttreatment. This patient was retreated with LDV/SOF1RBV for 24 weeks and achieved SVR12. Patient 10, a 34-year-old white man with GT6l infection, had NS5A Q24K, F28V, R30A, and T58P detectable at baseline at frequency >99%, which was maintained at week 12 posttreatment. S282T was observed at a frequency of 98% at week 12 posttreatment. This patient has not yet been retreated.
SOF SUSCEPTIBILITY ANALYSIS
The impact on SOF susceptibility of S282T alone or in combination with L159F was assessed by constructing site-directed mutants in a replicon vector. In GT1a replicon, S282T and L159F alone conferred 17 and 1.6 reduced susceptibility to SOF. The reduction in susceptibility was slightly increased in the S282T/L159F double mutant, which conferred 24-fold reduced susceptibility to SOF. Replication capacity of site-directed mutants ranged from 3% to 11% compared with the wild-type replicon (Fig. 2) . SOF susceptibility and replication capacity were tested by subcloning of patient isolates. Replication capacity testing in vitro did not identify any restoration of the replicative defect of S282T.
TREATMENT-EMERGENT S282T AND ASSOCIATED REVERSION OF S282T TO WILD-TYPE FOOTPRINT CODONS
Sequence analysis was conducted on posttreatment samples of patients with emergent S282T to investigate evolution at position 282 in absence of drug selection pressure. In the 10 patients with emergent S282T during SOF-based treatment in this study, the baseline codon at position 282 was AGU (n 5 2), AGC (n 5 7), or a combination of AGU and AGC (n 5 1), which all codes for serine. In six of eight patients with an observed decline of S282T in samples at posttreatment visits, new serine codons not observed at baseline emerged posttreatment; UCU (n 5 3) and UCC (n 5 3) (Table 2, Fig. 3 ). These serine codons are a result of reversion of S282T to wild type, and from here on we refer to them as "footprint codons." Patients 4, 5, and 6 did not have footprint codon observed after their initial failure with LDV/SOF treatment. After the second course of LDV/SOF treatment, the footprint codon observed in patient 6 persisted for up to 16   FIG. 2 . SOF susceptibility and replication capacity of S282T alone and in combination with L159F. EC 50 fold change and replication capacity were calculated using GT1a replicon values. WT, wild type. months (Table 2 ). Despite the presence of footprint codon in this patient, SVR12 was achieved after treatment with SOF/VEL1VOX for 12 weeks.
Interestingly, investigation of codons at position 282 in 10,000 SOF-na€ ıve patients showed that only two patients had these serine footprint codons at baseline; UCU (n 5 1) and UCC (n 5 1). Both of these patients were treated previously with the nucleotide inhibitor VX-135. All other SOF-na€ ıve patients had the serine codons AGU (n 5 7578) and AGC (n 5 2221).
Based on these results, we investigated all patients experiencing virologic failure in the SOF clinical trials (n 5 901) for the presence of footprint codons. In addition to the six patients described above, one more patient (patient 11) had a footprint codon at virologic failure. This patient was infected with GT1a and had the serine codon AGC at baseline and the footprint codon UCC at 12 weeks posttreatment (Table 2 ). This patient was treated with LDV/SOF for 12 weeks. The footprint codon observed in this patient at virologic failure suggests that this patient may have had emergent S282T after an SOF-based regimen that already had reverted to wild type, leaving a footprint at time of sampling. In addition to the serine footprint codon, the NS5A Y93N was detected at virologic failure in this patient.
Discussion
SOF-based regimens have achieved high rates of SVR in patients with chronic HCV infection. Although S282T is the signature substitution associated with in vitro resistance to SOF, this has rarely been detected in patients treated with an SOF-based regimen. (13, 14) Here, we evaluated the emergence and fitness of the S282T in SOF and LDV/SOF-treated patients and the posttreatment evolution at position 282 in patients with emergent S282T.
Across the SOF development program, S282T was not detected by deep sequencing (1% cutoff) in any of the 8598 baseline samples, which is consistent with the findings of previous studies. (11, 25, 26) This suggests that S282T has a poor fitness in the absence of drug pressure, and S282T is therefore unlikely to be detected at measurable frequency in untreated patients. In comparison, baseline NS3, NS5A, and NS5B non-nucleoside inhibitor (NNI) RASs has been detected in 10%-90% of DAA-na€ ıve patients depending on genotype and subtype (27) (28) (29) (30) (31) ; for example, NS5A L31M has been detected in >50% of GT2a patients. (32) Due to the high error rate of HCV polymerase, substitutions at all sites in the HCV genome can exist within the viral quasispecies (33, 34) ; however, the lack of S282T compared with other RASs suggests that not all positions in the HCV genome has the same allowance for genetic variability. Across HCV genotypes, the NS5B position 282 is highly conserved, both at nucleotide and amino acid level, resulting in the presence of only two of six serine codons at baseline (AGU and AGC). The preservation of these specific serine codons could be a result of RNA secondary structures involving the 282 position, reducing genetic variability at this position due to fitness cost. This could also explain the rare occurrence of S282T development and high barrier to resistance for NI drugs.
More than 12,000 patients have received SOF in clinical trials, of whom, just over 1000 experienced virologic failure. S282T has been detected at the time of virologic failure in only 10 patients (<1% virologic failures). This suggests that SOF-based regimens have an exceptionally high in vivo resistance barrier. The reason for virologic failure in the patients without S282T development is not completely clear, but the most likely explanation is persistence of a wild-type virus that was not completely eradiated by the treatment. Moreover, several studies have demonstrated that virologic failures of an SOF-based regimen can be successfully retreated with another SOF-based regimen. (19, 20) In the current study, eight of nine patients who failed SOF or LDV/SOF with treatmentemergent S282T achieved SVR following retreatment with a second course of SOF-based regimen, with either a second or third DAA or longer treatment duration. The successful retreatment of patients despite previous development of S282T is in part due to the rapid decline of S282T in absence of drug selection pressure and the high intracellular concentration of SOF in human hepatocytes in treated patients (73 lM), (35) which greatly exceeds the inhibition constant of HCV NS5B RNA-dependent RNA polymerase (Ki 50.42 lM).
(36) The low fold change in susceptibility of S282T to SOF (<20-fold) suggests that the intracellular concentration of SOF may be sufficient for suppression of S282T in most patients. Longitudinal posttreatment samples were available in eight of 10 patients; S282T was shown to decline over time. Interestingly, by studying the evolution at position 282 in the patients with emergent S282T at virologic failure of SOF-based regimen, we observed reversion of S282T to wild type resulting in generation of new serine codons not present at baseline, suggesting a footprint of S282T reversion, as described previously for one patient who developed S282T after SOF monotherapy.
(37)
Here, we show that these serine footprint codons emerged in six of eight patients with decline of S282T at posttreatment. In one patient, the footprint codon was shown to persist for up to 16 months posttreatment. Encouragingly, despite the presence of footprint codon, this patient achieved SVR12 after treatment with SOF/VEL1VOX for 12 weeks. Moreover, in over 10,000 SOF-na€ ıve patients, the serine footprint codons at position 282 were only found in two patients at baseline (UCU and UCC). These two patients were treated previously with the NI VX-135, and we cannot exclude possible S282T emergence during that treatment resulting in reversion of S282T posttreatment and generation of footprint codons in these patients. Because S282T declines rapidly in the absence of drug pressure, it is possible that presence of footprint codons can be used as a tool to identify patients who developed S282T during SOF or other NI-based regimens but in which S282T already reverted to wild type at the time of sampling. By analyzing all patients experiencing virologic failure in the SOF clinical trials (n 5 901) for the presence of serine footprint codons, we found one additional patient with serine footprint codon at virologic failure after treatment with SOF-based regimen. This patient had the serine codon AGC at position 282 at baseline and the footprint codon UCC at 12 weeks posttreatment, suggesting that this patient had emergent S282T after an SOF-based regimen that had reverted to wild type at time of sampling. It is important to continue to use deep sequencing to enable analysis of posttreatment HCV evolution, because standard population sequencing may be unable to resolve mixtures of codons, as described previously.
In conclusion, SOF-based regimens have an exceptionally high in vivo resistance barrier. The S282T substitution is not seen in untreated patients and is rarely detected (1%) in patients with virologic failure after treatment with an SOF-based regimen. In addition, the S282T substitution is unfit in vivo and will disappear in the majority of patients in the absence of drug selection pressure. Therefore, successful retreatment of previous SOF-failure patients is possible in the presence of S282T substitution with SOF-based regimens. 
